INTRODUCTION
In 2003 alone, the sport of snowmobiling contributed over $7 billion in revenue to the United States economy. With more than 500,000 snowmobiles registered in Wisconsin and Michigan, snowmobilers in these two states alone spend nearly $2 billion on the sport annually [1] . Clearly, snowmobiling plays a vital roll in each state's winter economy, ensuring financial stability for seasonal businesses.
Just how important snowmobiling can be to a local economy is evidenced by recent business closings and bankruptcies in the town of West Yellowstone, Montana, resulting from a 2-month court injunction severely limiting snowmobile access to Yellowstone National Park [2] . The ruling by Judge Emmet Sullivan, though recently overturned, cited that the park's winter use policy did not adequately address the environmental impact of snowmobiles. This impact on air quality, as seen in Table 1 , raises justifiable concern. Though smaller and used for only a few months each year, typical snowmobiles account for more air pollution in national parks than do automobiles.
While the Yellowstone winter use policy required a specific percentage of snowmobiles entering the park to be the industry's Best Available Technology (BAT), the district court judge ruled that the current snowmobile BAT did not do enough to prevent air pollution [AP, CNN.com]. Table 1 .
Emissions from Vehicles in Yellowstone National Park [4] .
the performance that snowmobile riders demand out of a clean snowmobile. Secondly, the emissions section describes how multiple technologies employed on this year's sled reduce harmful exhaust pollutants. Similarly, the third section identifies specific design enhancements that reduce overall snowmobile noise. Finally, the paper addresses general snowmobile modifications employed to enhance the previously mentioned technologies. In addition, the paper closes with a summary of implementation costs compared to a comparable production snowmobile.
PERFORMANCE
The guiding principle for the 2004 UW-Madison clean snowmobile design is simple and straight forward: "To win the Clean Snowmobile Challenge with a sled that students and young adults would be willing to buy as an attractive alternative to current performance models."
In order to market to this group, the team first determined how the demographic sector defines performance. In fall of 2003, the team surveyed 75 UWMadison students, each of whom had previous snowmobile riding experience. The subjects were asked to rank the following characteristics by the influence each would have on their decision to purchase a specific snowmobile: top speed, acceleration, trail handling, and price. The results, as seen in Figure 1 , show that acceleration and trail handling influence a buyer significantly more than top speed, with price being the third most persuading factor. These results were verified and confirmed by checking them against industry-wide sales information. For example, in 2001 the world's top selling snowmobile had a 600 cc engine integrated into a cross-country race chassis [5] . Though this engine was not the biggest displacement available, a lightweight chassis and aggressive suspension gave the sled solid acceleration and trail performance. Also consistent with survey results, the 600 cc snowmobile sold as a higher end model, but still cost 15% to 20% less than the largest displacement sport models or premium touring sleds [5] .
Survey Responses: Most Important Buyer Consideration

Engine Option Evaluation
Given the market survey results demanding a snowmobile with good acceleration and handling, the team searched for engines with good power-to-weight ratios. Engines were considered on a basis of hydrocarbon (HC), carbon monoxide (CO), and nitric oxide (NOx) emissions, power-to-weight ratio, cost, and ease of implementation.
Given CSC competition objectives, emissions and power-to-weight ratios were equally weighted, followed sequentially by ease of implementation and cost. The following engines options considered by the team:
• 2-stroke snowmobile engines,
• 4-stroke snowmobile engines,
• Semi-direct injection (SDI) snowmobile 2-strokes
• Direct injection (DI) 2-stroke marine engines
• 4-stroke marine engines,
• Compression ignition (CI) engines,
• High-compression motorcycle 4-strokes,
• V-twin motorcycle 4-strokes
The evaluation between current snowmobile engine technologies is fairly straightforward. Conventional 2-strokes and SDI 2-strokes have far higher power-toweight ratios than current snowmobile 4-strokes. However, snowmobile emissions testing conducted by Southwest Research Institute (SwRI) clearly states that compared to conventional 2-stoke snowmobiles, commercially available 4 -strokes ". . . emit 98-95 percent less HC, 85 percent less CO, and 90-96 percent less PM" [6] . There is a significant increase in NOx emissions going from 2-strokes to 4-strokes, however the study notes that a catalyst system on a 4-stroke can further reduce HC and CO and nearly eliminate NOx.
While the SwRI study did not evaluate SDI two-stroke technology, current publications from Bombardier, SDI developers, suggest that the system improves emissions only 50% over conventional 2-strokes [7] . While SDI engines are a significant improvement compared to conventional two-stokes, they cannot attain current fourstroke emission levels. Beyond the three competition measured pollutants, two-stroke spark ignition engines are known emitters of benzene, 1,3-butadiene and gasphase and particle-phase polycyclic aromatic hydrocarbons (PAHs), all of which the U.S.
Environmental Protection Agency (EPA) classifies as known or probable human carcinogens [8] .
The team did evaluate compression ignition engines, recognizing their typically minimal hydrocarbon (HC) and carbon monoxide (CO) emissions. However CI engines were eliminated as a feasible option due to their poor power to weight ratio and cold start limitations. Similarly, the marine engine options were eliminated because of their low power to displacement ratios. CSC rules restrict 4-stroke displacement to 960cc, thereby limiting suitable marine outboards to 40 or 50 horsepower. At these power outputs, snowmobile and ATV 4-stokes offer far easier implementations. The difficultly of adapting a motorcycle V-twin to a snowmobile CVT eliminated this option, though the team recognized the excellent low-end torque this 4-stroke engine style achieves without compromising emissions.
Final Engine Selection
Given the CSC competitions' heavy weighting on emissions, the team determined a commercially available snowmobile or high-compression motorcycle 4-stoke engine offered the most potential. The highcompression motorcycle 4-stokes such as a Kawasaki ZX9R or a Yamaha RX series engines have substantially higher power output (75+ kW) compared to the Artic Cat 660 and Polaris Liberty 4-strokes (40+ kW). To evaluate emission levels between these options, the UW Team benchmarked the University of Idaho's emissions event results at the 2003 CSC as well as their test results as part of the 2002 SwRI study. As seen in Table 2 , the Idaho snowmobile, which utilized a catalyst system for both measurements, achieved the lowest overall emissions. However, the Polaris 4-cycle is fairly competitive with the Idaho sled, even without a catalyst system. Given CSC core objectives, the UW-Madison team could not afford to sacrifice low emissions for the added power of a high-compression motorcycle engine. Therefore, the team selected the 784cc Polaris Liberty 4-cycle engine for this year's snowmobile. While this engine does not have the power to propel the snowmobile to speeds above 97 km/hr, it achieves acceptable acceleration due to excellent torque output, which our survey confirmed to be most important to users.
Enhancing the Powertrain
In order to increase the snowmobile's powertrain output and improve acceleration, the 2004 UW-Madison Snowmobile is employing a hybrid powertrain similar to recent automotive architectures. Five major automotive companies now market hybrid-electric cars and sport utility vehicles, achieving fuel economy in excess of 40 miles per gallon. These vehicles utilize an electric motor to provide power assist during acceleration, allowing a smaller, more efficient internal combustion engine to be used. The vehicle can therefore have consumer acceptable performance while reducing fuel consumption and emissions. Hybrid electric vehicles can also take advantage of the vehicle's kinetic energy normally converted to heat when braking. This energy is converted into electricity by using the electric motor as a generator, and then released upon acceleration to give the feeling of a larger, higher powered engine. Using hybrid electric technology has offered many people the alternative of a cleaner, more environmentally friendly powertrain.
Recognizing the similarity between automotive industry demands for clean, mileage efficient vehicles and CSC objectives, implementation of a hybrid-electric system on a snowmobile was a natural move. Upon selecting an electric motor typically used in golf carts, a forklift motor controller and a marine racing management system, the University of Wisconsin's hybrid-electric snowmobile was born. Crediting the school mascot and its hybrid driven powertrain, the 2004 UW-Madison CSC entry is nicknamed the "Bucky 800 HD."
Hybrid-Drive Platform
The Bucky 800 Hybrid-drive powertrain operates using a parallel hybrid electric design, such that both the IC engine and the electric motor have the ability to drive the track. As seen in the basic schematic in Figure 2 , the electric motor is coupled to the drivetrain in the location of a standard snowmobile chaincase. The IC engine still transmits power to the chaincase through primary and secondary clutches just as in a stock snowmobile. The electric portion of the hybrid system is first integrated at the chaincase, to which the electric motor is directly mounted.
Internally, the chain is driven by two sprockets, one spun by the jackshaft coupled to the secondary clutch, and the other directly driven off the electric motor armature. Hence, both sprockets are driving a third driven-sprocket, which is coupled to the track drive shafts. Since both the engine and motor are coupled to the drive shaft, the Bucky 800 HD parallel design offers flexibility of powering the snowmobile using IC power only, electric only or both sources. Schematic layout of Bucky 800 HD parallel hybrid-electric drivetrain with an electric motor coupled into the chaincase.
Another hybrid design style that was considered is that of a series hybrid which is currently employed on offroad military vehicles. In a series hybrid layout, the IC engine is directly coupled to a generator which creates and stores electricity. Hence, only the electric motor transmits power to the wheels or track. Because this design requires a large IC engine, a large generator and a large electric motor, the excessive weight makes series hybrid inappropriate for application in a snowmobile. Furthermore, the near 100% duty cycle at which a snowmobile operates would force immediate conversion of mechanical energy to electrical energy and then back to mechanical power, minus the inefficiencies incurred in the generator and motor.
Hybrid-Drive Specifics
The drivetrain component that makes the parallel hybrid possible is the student-designed transfercase. Modeled after the Polaris XC 800 chaincase, incoming torque from the secondary clutch jackshaft is transmitted via a standard 18 tooth, 19.05 mm sprocket. The output sprocket feeding power to the track is a 40 tooth, 19.05 mm standard Polaris sprocket. A custom 25 tooth, 19.05 mm sprocket was machined to integrate the armature of the electric motor into the snowmobile drivetrain. This gear ratio was selected to allow hybrid assist up to track speeds of 72 km/hr and allows for operation of the snowmobile up to 135 km/hr before the burst speed of the motor armature is reached. This is well above the top speed of the snowmobile, limited not only by lack of engine power, but also by the peak clutch ratio and peak engine rpm to 120 km/hr. Thus, we are able to achieve up to 40 percent more torque at the track up to 72 km/hr, making the clean burning four stroke engine feel like a high powered two stroke in this speed range (Figure 3 ).
In choosing the location to couple the electric motor to the track, three different options were considered. The electric motor could be coupled directly to the secondary jackshaft, directly coupled to the output shaft of the transfercase, or coupled to a custom gear in the transfercase. The third option was selected to allow different electric motor gear ratios, thereby optimizing the range over which the electric motor provides additional torque. Figure 3 shows the torque increases for the three investigated electric motor placement options. 
Total Torque at Track
Bucky 800HD Drivetrain Layout
The gearbox in the Bucky 800 HD has been designed using standard silent chain design guidelines regarding angle of chain wrap. Because a third gear is required to integrate the electric motor, the angle of wrap on the top sprocket is reduced. The placement of the third gear in the transfercase was carefully chosen to provide adequate chain wrap of 120 degrees on the top sprocket while still allowing the electric motor to fit within the belly pan of the snowmobile. The chain tensioning system is adapted from the stock Polaris tensioning system and the chain is adjusted to the same tension value. Also, the oiling system of the stock Polaris gearbox was adapted. By following design guidelines and adapting proven technology, the life of the hybrid gearbox will meet or exceed the life of an OEM reversing gearbox. In addition, no mechanical gear shifting is required to put the hybrid chaincase into reverse, saving on component cost and wear.
Brake caliper mounting location, hole size, and thread depth were directly copied from the stock transfercase in order to ensure adequate braking performance and safety. The brake rotor was cross drilled to lower weight and drivetrain inertia. The surface area in contact with the brake pads was reduced less than 15 percent, in accordance with CSC brake modification rules. 
Electric Motor
The electric motor integrated into the hybrid powertrain is a production Etek motor, manufactured by Briggs and Stratton. This motor is primarily used in golf carts and small industrial transport vehicles. As a relatively flat "pancake" style, axial flux motor, it easily mounts onto the transfercase without extruding beyond the snowmobile cowling. Also, this motor structure provides exceptional torque, high power to weight ratio, and high efficiency when compared to standard radial flux machines [11] .
The steady state drag of the Etek electric motor was measured on 11-19-03 using Mototron data acquisition software and a hall effect speed pickup to insure that the drag losses of such a motor would not inhibit the performance of the sled when the motor is not providing assist. At a top speed of 97 km/hr, the Etek motor has only 0.078 kW of drag losses, whereas it takes 34 kW of power to propel the sled at this speed. Therefore, drag losses of the motor are negligible when compared to the snowmobile's power demands. With a peak output of 9.0 kW and 42.9 N-m, the Etek electric motor adds a sufficient amount of power and torque to the Bucky 800 HD. Torque at the track is increased by 40 percent at higher speeds when the engine gear ratio through the CVT is reduced.
At peak current of 330 amperes, the brush life is around 60 hours of operation. This peak current is only achieved at wide-open throttle, and would only be seen for roughly 4 seconds, depending on riding conditions. With peak current to the motor only being seen for such a short time, the brushes will last through over 54,000 accelerations at wide open throttle.
Due to the thermal limits of the Etek electric motor, peak current of 330 amps can only be seen for a maximum of 1 minute before damage to the motor will occur. For this reason, the hybrid controller monitors the current to the electric motor and de-rates the torque command to prevent the motor from overheating. This is true of both the hybrid and electric only modes.
The Etek motor weighs 8.6 kg. However, since the motor allows for electric reverse, it eliminates the need for reverse mechanisms and gearing, saving 2.4 kg.
The Etek can also be used as a generator to recharge the battery pack, a necessary characteristic in a parallel hybrid, which you "never have to plug in."
Electric Motor Controller
Torque commands are sent to the Etek motor through a Sevcon MillipaK motor controller designed for industrial forklift applications. The MillipaK controller is a wellsuited choice for the Hybrid Snowmobile application, given its voltage and current rating along with relatively compact size and rugged construction. Operating in a 48 Volt system, the MillipaK can accommodate up to one minute of 330 amp maximum current flow, matching the Etek's one-minute peak amperage rating.
The MillipaK controller measures 190.35mm x 145.35mm x 58.6mm, which allows mounting to a custom heat sink just forward of the snowmobile's right foot well. This location puts the controller in close proximity to the transfercase and motor, saving weight, cost, and resistive losses of the high voltage wiring (See figure 6 ). The controller has continuous vibration ratings of 6G from 40 Hz to 200 Hz and thus can be mounted directly to the chassis. [12] . Millipak controller mounted to foot well, next to motor and transfercase. Also shown is protective Lexan polymer cover which prevents accidental shorting of the battery pack terminals.
The Millipak is a four-quadrant style controller, meaning that the controller is capable of providing assist and regenerative braking in both the forward and reverse directions. This allows the flexibility to perform electric only reverse, hybrid assist, and regenerative braking.
High-Voltage Storage
The choice of motor and controller mandates a 48 V battery pack to store electrical energy.
This battery pack must be capable of high current delivery for short times without adding excessive weight or cost to the sled. A motor-assist parallel application also necessitates batteries with a high cycle life, The Inspira batteries produced by Johnson Controls Incorporated satisfy these constraints. Inspira batteries use a unique patented spiral wound lead acid technology that offers significantly larger plate area than traditional "flat plate" cells. Six of these spiral wound cells are assembled into a 12V battery that can deliver currents in excess of 2000 A without the high weight of a comparable traditional lead acid battery. Figure 7 shows the internal construction of an Inspira lead acid battery. Spiral wound batteries offer many advantages over traditional lead acid batteries. They have very high power density, up to two and one half times greater than conventional lead acid batteries. Inspira batteries are sealed and maintenance free with the electrolyte contained in an Absorbent Glass Mat (AGM). The packaging of the battery is quite rugged, meeting SAE off-road vibration requirements.
Installation of the Inspira battery is extremely simple, utilizing integral RADSOK style connections and snap-lock battery trays. In addition, these batteries allow for ease of shipment, without being subject to regulations by the US DOT or the International Air Transport Association [13] .
Currently, Inspira technology is available in 2.1 A-hr, 3.9 A-hr, and 6.3 A-hr packages. For our application where high current draw is required for appreciable time, the 6.3 A-hr package was the best choice. This battery is capable of providing 330 amps of current for approximately 30 seconds, sufficient time to reach steady-state cruising speeds from a dead stop ( Figure  8) . Also, the increased capacity of the 6.3 amp-hour batteries will allow increased range in electric only mode compared to the other battery sizes. The Inspira batteries are ideally suited to power assist applications, and are currently being considered for use in similar hybrid power assist strategies in automotive applications. Internal construction of the Inspira spiral wound lead acid battery produced by Johnson Controls Incorporated [13] .
The high-voltage battery pack is made up of four 6.3 Ahr Inspira batteries in series and weighs just 14.2 kg. For comparison, a 48 V battery pack made up of four 12 V standard lead acid batteries capable of delivering the required peak current of 330 A would weight roughly 48 kg and take up 240 percent more volume. Typical parallel plate lead acid batteries can be discharged at a 10-15 C-rate, whereas the spiral wound lead acid batteries are capable of discharge rates in excess of 50 C-rate. This means that a flat plate lead acid battery pack would have to have much higher capacity (and thus weight) in order to draw as much current as the Inspira batteries. The Peukert Plot for the Inspira batteries, measuring the time that constant current can be drawn from the battery [13] .
Battery Management
In order to achieve maximum life out of our high voltage batteries, a battery management strategy was implemented. The hybrid control computer monitors battery voltage, current draw, and temperature of the batteries. By monitoring these values, the state of charge of the batteries can be calculated using discharge tables found in figure 9. The control computer derates or disabling the assist torque command to the electric motor before the batteries are discharged to the point of damage. The high rate battery discharge curves used to monitor battery state of charge and maximize battery life [13] .
A similar technique is used for controlling charging to avoid overcharging the batteries. The control computer monitors the current and battery voltage, appropriately derating or disabling the regenerative charging torque command. This ensures that the batteries are never over charged, under charged, or charged at too high a rate. By doing so, the hybrid control computer can ensure a sufficient state of charge of the batteries and maximize battery life.
Hybrid-Drive Strategy
The Bucky 800 hybrid drivetrain delivers the acceleration results demanded by riders.
Using a Siemens/VDO Customer Helm Interface (CHI) and software developed by the team, the control strategy delivers electric motor torque based on throttle position, brake position, vehicle speed, and battery state of charge. For example, if a rider traveling at 10 km/hr fully depresses the throttle to wide open (WOT) and the battery pack is at full charge, the electric motor will deliver full assist until either: a) the rider releases the throttle; b) battery pack voltage falls to minimum allowed state of charge; c) snowmobile speeds exceeds the maximum motor assist speed (85 km/hr); or d) motor or controller thermal considerations force a reduction in torque.
Once steady state speed is reached, motor torque drops to zero. If battery state of charge is low, the controller introduces a slight regenerative braking command in order to recharge the batteries, increasing steady-state engine power demands by up to 1.7 kW. This increase in drag is barely perceptible, especially since it is ramped out if the rider attempts to accelerate, or if vehicle speed exceeds 75 km/hr (so there is no reduction in top speed).
Proof of the improvement in acceleration is shown in the speed versus time curves in figure 10 . The acceleration data for the stock Polaris Frontier was collected on January 6, 2004 on a two-kilometer private road in Barneveld, Wisconsin. The Bucky 800 HD was tested March 2, on the same road as the trials for the previous test. Snow conditions on both days were packed powder, with test site wind velocities for the March 2. Winds on both days were roughly perpendicular to the test track. Data was collected using a Stalker ATS radar gun and associated software. In addition to acceleration, a hybrid powertrain benefits fuel economy. The control strategy only charges the batteries at medium-load engine conditions when the engine's efficiency is significantly higher than at WOT. This stored energy is then used to assist when the IC engine is at WOT, a low efficiency operating condition. While this fuel economy gain cannot be seen in steadystate testing, and an accurate measurement is difficult over the course of a trail ride, future development of a test cycle simulating a trail ride using a chassis dynamometer will allow for further tuning of the entire hybrid powertrain. A similar process is used by the EPA to accurately quantify the fuel economy and emissions of on-road vehicles.
While increasing fuel economy, the Bucky 800 HD's parallel gas/electric drive is poised to address one of the most significant environmental concerns in the sport of snowmobiling today: trail head emissions. The daily build up of exhaust gases from hundreds of machines starting up and passing through a single entrance creates a hovering cloud of smog at the entrances to Yellowstone National Park. This smog has been cited by countless environmental groups as grounds for banning snowmobiles from the park and a 2001 Cal/EPA study also shows daily exposure to these harmful exhaust gases increases cancer risks five-fold among park employees [15] .
In attempts to address these concerns, the Bucky 800 HD is programmed with an electric-only mode. Similar to the electric reverse mode, a full battery will allow approximately one minute of electric operation, pushing the sled on snow at 8 km/hr. Granted, this is not enough capacity to push a snowmobile much past the edge of a parking lot, but it is intended as proof of concept. As variable excitation electric motors become available for this type of application and battery technology improves, the electric only mode will become increasingly more feasible.
EMISSIONS
Knowing the selected Liberty 4-stroke engine produces higher significantly NOx higher emissions the 2002 and 2003 CSC champion, the Wisconsin team's first step in reducing emissions was adding a catalyst. Because the CSC emission event score is based on a combination of HC, CO and NOx, a three-way, platinum-based catalyst was chosen for its ability to effectively reduce all three pollutants. Using a heated wide range oxygen sensor, it was determined that the stock Liberty engine was calibrated to operate slightly rich (0.5-1.5%).
To optimize reduction of CO, HC and NO x , the exhaust gases entering the 3-way catalyst must be modulated between a slightly rich and slightly lean. As seen in Figure 11 , the catalyst efficiency for NOx at "stoich" is just under 80% while HC and CO are reacted at near 90% efficiency. During the lean portion of operation, excess NO x is absorbed on the surface of the substrate while the CO and HC are reduced to H 2 O and CO 2 in the presence of excess oxygen. In contrast, during the rich portion of operation, as the NO x is released from the substrate it reacts with the HC and CO to form N 2 and CO 2 and/or H 2 O.
The size of the 3-way catalyst, the substrate formulation, the raw engine emissions, the temperature of the exhaust and the flow rate of the engine all are key factors in determining the rate at which the exhaust gases entering the catalyst must be modulated between lean and rich conditions. Since the original engine controller can not be modified to modulate the engine between rich and lean operation, an exhaust air pump from a 3.4 Liter 1996 Chevrolet Monte Carlo was installed in the a Bucky 800 HD. The air pump contains a control valve which is modulated to inject air into the exhaust steam creating a lean exhaust mixture. The valve is modulated by the CHI controller to create the necessary lean/rich duty cycles.
In order to determine the appropriate duty cycle for the exhaust air pump, a wide range heated O 2 sensor was installed at the entrance to the catalyst and a heated NTK NOx sensor was installed at the exit to the catalyst. Monitoring the sensors outputs during steady state operation of the engine at CSC prescribed testing points, the optimum duty cycle was determined for each operating condition.
The O 2 sensor indicated the amount of excess oxygen during air injection at each condition and the NOx sensor indicated when the NOx absorption efficiency during lean operation was unacceptable: the length of the duty cycle. The 3-way catalyst/exhaust air pump employed by the Bucky 800 HD is predicted to meet 2008 California emissions standards. Use of secondary air injection cycles catalyst efficiency for further HC and CO reductions both at startup and during steady state operation.
Cold Start
Perhaps the most significant emissions reduction created by the air injection system occurs at startup, when the engine and catalyst are cold. For easier cold starts, engine air/fuel mixtures are tuned rich. However, cold engine blocks have poor combustion characteristics and three-way catalysts are grossly inefficient until they reach operating temperatures. In fact, a 1997 study by the United Kingdom's National Atmospheric Emissions Inventory suggests that out of the UK's total annual automotive emissions, 5% of all NOx, 34% of all CO and 21% of all HC are emitted from engine cold starting [17] . Given the severely cold temperatures in which snowmobiles start up, one can only assume their respective cold start emissions are even worse. This cold start emission phenomenon also helps explain the severe smog at the west entrance to Yellowstone Park described in the Hybrid Vision section of this paper.
To combat poor cold start emissions, the air pump injects oxygen into the catalyst at full force for the first 30 seconds after cold start. This added oxygen helps light off the catalyst, bringing it quickly up to operating temperatures. Because the air is injected directly in the exhaust stream, the time required to turnover and start the engine is not affected.
Evaporative Emissions
The Bucky 800 HD features a charcoal evaporative emissions canister to reduce Hydrocarbon emissions due to thermal cycling of the fuel tank. This canister captures harmful vapors released from the tank and releases them into the air box during engine operation where they are combusted. These canisters have been used on vehicles since the late 1960's and were required as of 1971.
NOISE
Wisconsin's first and foremost goal for sound reduction on Bucky 800 HD was to reduce A-weighted sound decibel levels below those of the 2004 CSC control sled, an Arctic Cat 660 non turbo 4-stroke [18] . This is no small task because, as confirmed in Table 2 , the Arctic Cat 660 is the overall quietest production snowmobile on the market today. 
Muffler Design
As a starting point for noise reduction strategy, redesigning the Liberty 4-Stoke's exhaust system offered the most potential for noise reduction. Since Wisconsin's emission strategy required the addition of a catalyst and the hybrid design places the electric motor where the stock muffler normally mounts, the new exhaust system faced many design constraints.
Limited by volume on the right side of the snowmobile where traditional mufflers mount, the Bucky 800 HD's student designed 2-stage exhaust system takes advantage of the open area directly in front the engine. In order to maximize muffler volume, the catalyst is mounted inside the first muffler, locating it only 30 cm downstream of the engine's exhaust manifold. Beyond reducing the exhaust emissions, the catalyst acts as the muffler's first passage. The small pass-through holes in the metallic core effectively reduce the ultra-high frequency components of the engine's exhaust noise.
Flow tested with the help of Nelson Industries, Wisconsin's two-stage muffler increases exhaust volume by 30% over stock, while maintaining identical restriction for efficient engine operation. Figure 13 shows the first of the two mufflers. Exhaust flow from the engine headers enters into the first chamber of the muffler where it is allowed to expand and mix, allowing even flow of gasses into the catalyst. After passing through the catalyst, the exhaust flows past a Helmholtz resonator, which is tuned for the first engine harmonic at cruising engine rpm. To design this tuned resonator, tests were performed on the stock exhaust system on 11-14-04 using a K-type thermocouple and a Kohler "Tiny Tach" which monitors engine rpm. The average values for engine rpm and exhaust temperature were recorded, and values for the tuned resonator were calculated.
Figure 13. Low frequency tuned resonator and integrated catalyst assembly
After passing out of the first muffler, the exhaust flow enters a broadband resonator designed to remove the majority of mid to high frequency noise ( Figure 14) . After entering the muffler, 15 percent of the exhaust flow is bled out of twenty evenly spaced 3.175 mm diameter holes drilled in the inlet pipe. The remaining flow exits the pipe into the large chamber of the muffler. The flange of this chamber is packed with fiberglass insulation to prevent sound reflection. The flow then enters the second pipe through an ideal entry and is carried to the smallest chamber where another insulated flange further reduces sound. Finally, the flow enters the third mid-sized chamber where it is allowed to recombine with the bled flow. Due to the path difference between the main flow and bled flow, there is a phase shift in the sound, allowing for noise cancellation upon flow recombination.
Figure 14.
Broadband muffler reduces mid to high frequency sound while allowing higher flow than stock.
Fabricated from aluminized steel, the muffler can be cost effectively manufactured in high volume using a press seal method to ensure weldability. To guard engine bay components from exhaust heat, the outsides of both mufflers are wrapped in a layer of needled fiberglass insulation. For the same purpose, portions of the hood and lower cowling are lined with reflective tape.
Mechanical Noise Reduction
With the redesigned muffler virtually eliminating exhaust noise, the UW-Madison focused on mechanical noise emitted from the snowmobile. Empirical data testing at various speeds identified four major focus areas to further reduce noise: the transfercase, the clutches, general engine mechanical noise and the track.
Engineering the hybrid transfercase significantly reduced the high frequency noise emitted from the stock Polaris chaincase. Sprocket locations and chain geometry were designed to ensure maximum chain wrap to prevent noise from chain slip. Unlike the stock reversing chaincase, no straight cut gears are used. Straight cut gears are much louder than silent chain gears or helical gears. In addition, the transfercase cover is stiffer than the stock cover, reinforced with ribs to prevent shell noise.
Both clutch and engine mechanical noises emitted from the Bucky 800 HD are reduced through use of a super absorbent polymer. Polydamp Melamine foam lines both the clutch cover and the underside of the snowmobile hood. The polymer absorbs most efficiently at frequencies between 100-350 hertz, making it a good fit for engine and clutch mechanical noise at snowmobile speeds above 75 km/hr. Additionally, the Melamine foam is heat rated for up to 400°C, making it safe for use in the engine bay.
Final efforts to reduce mechanical noise focused on the drive shaft paddles that interface the track. UWMadison's 2002 experiments with track noise involving an engineless snowmobile towed at 70 km/hr confirmed track noise of a snowmobile can easily exceed 65 dBA [8] . To combat this noise source, the Bucky 800 HD employs a 0.5 meter rubber skirt surround the front end of the track. This location should effectively absorb a majority of the noise created when the rubber drive shaft paddles grab the track lugs and the high frequency chatter of metal track clip slapping against the hiFax guide rails.
Results
Sound pass by tests on the 2004 Wisconsin entry were conducted to compare the sled with an average two stroke snowmobile. A Ski-doo Rev with a 600 cc twostroke engine was chosen as a test vehicle because of it's high popularity. Pass by speeds of 33 km/hr and WOT were investigated along with the idle condition. Results show that the Bucky 800 HD is considerably quieter than the average two stroke. Table 4 shows results of a sound pass by test conducted March 8, 2004 at Tyrol Basin ski area. The snow conditions were fairly icy, as all of the snow was manmade. Also, the test area was hard packed and groomed, which we suspect cause a large increase in the sound power measurements. When compared to the test results discussed earlier in this section, standard two stroke noise levels were approximately 2 to 6 dBA higher for our testing conditions. If this same sound increase in subtracted from the Bucky 800 HD's sound measurements, this puts us within the range of the Arctic Cat 660's sound levels. 
OTHER SNOWMOBILE INFORMATION
The base chassis for the Bucky 800 HD is a 2003 Polaris EDGE marketed with the Liberty 784 cc. engine under the name Frontier Classic. Selected for its lightweight versatility, the EDGE chassis offers a variety of suspension and ride adjustments for different performance needs. The EDGE chassis provided a cost effective base from which Wisconsin could implement a hybrid powertrain.
Suspension Improvements
The Bucky 800 HD front suspension features shimmed Ryde FX gas shocks, tuned to instant dampening despite the added mass of the four-stroke engine. Stiffer coil springs have are preloaded to supplement the tuned shocks. The overall stiffer front suspension is setup to support aggressive trail riding as customers demand (Figure 1 ).
The rear suspension is a modified M-10, featured on multiple Polaris models. In efforts to decrease rolling resistance and improve fuel economy, an additional set of idler wheels were added along the slide rails. The rear idler wheels are replaced with larger 8" wheels to decrease bend radius and decrease drag losses.
Starter Battery
A single JCI Inspira battery (described in detail in the high-voltage section) supplies power to the snowmobile's 12-volt system. This system, independent of the high voltage hybrid power supply, provides power for electric start, engine controls, headlamps and dashboard information displays. The Inspira battery, while mounted in the stock location, is 6 kg lighter than the stock Polaris battery.
Total Sled Weight
The stock Polaris Frontier Classic weighs 264 kg without fuel. The Bucky 800 HD with complete hybrid system has a mass of 259 kg without fuel. Despite adding 12 kg for the electric motor and controller along with 15 kg for the battery pack, Wisconsin's overall weight is 5 kg lighter.
Many individual components contributed to the weight reduction. Most notably, the elimination of the reverse components from the chaincase and lightweight materials on the new muffler significantly cut overall mass. However, small changes such as the 6 kg savings from the JCI battery substitution, a 2 kg savings through use of a lightweight composite hood and switching to a 3.175 cm lugged track add up to significant weigh savings.
Through efficient design and professional packaging, the UW-Madison team effectively decreased the snowmobile weight, while adding technology to make the sled cleaner and faster.
COST
Every component of the Bucky 800 HD is designed for manufacturability. Many technologies such as electric motor drive and air injection are already in production for other automotive industry applications. This allows for cost effective implementation into the snowmobile. The values making up the cost summary in Table 5 are based on the assumption that parts are manufactured in production quantities of at least 5,000, or 60% of prototype cost per 2004 CSC rules. Review of Table 5 clearly shows that hybrid-electric drivetrains can cost effectively improve performance of clean snowmobiles. A custom exhaust with a 3-way catalyst and tuned air injection system reduces air pollutants to levels well ahead of current EPA requirements. A redesigned powertrain and a multi-chambered muffler ensures that Wisconsin's sled does not disrupt any environment it tours. Designed for manufacturability and aesthetic packaging, the Bucky 800 HD is a cost effective alternative for performance-orientated riders seeking a cleaner, quieter sled than any marketed to date. 
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